Abstract. Expression of drug-transporting P-glycoprotein (P-gp, an integral protein of the plasma membrane) in neoplastic cells confers multidrug resistance and also involves alteration of cell sensitivity to inhibitors of the sarco/endoplasmic reticulum calcium pump thapsigargin (Th). Mouse leukaemia L1210 cell sublines that overexpress P-gp due to selection with vincristine (R) or stable transfection with a gene encoding human P-gp (T) were less sensitive to Th than the parental cell line (S). Th at a concentration of 0.1 µmol/l did not induce alterations in the amount of P-gp mRNA in R or T cells (S cells did not contain any measurable amount of this transcript as assessed by RT-PCR) or in the amount of calnexin (CNX) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in all three cell sublines. However, when using a concentration of 10 µmol/l, Th decreases the amounts of CNX, GAPDH (in S, R and T cells) and P-gp (in R and T cells) mRNAs. In contrast to R and T cells (which contain abundant P-gp), S cells did not contain any P-gp detectable by the c219 antibody on a Western blot. Th at a concentration of 0.1 µmol/l induced a reduction in the amount of P-gp present in R and T cells, particularly in isoforms with higher molecular weights (i.e., mature fully glycosylated isoforms). Similar results were observed when Th was used at a concentration of 10 µmol/l. R and T cells contained lower levels of CNX than S cells. While Th at a lower concentration did not alter the levels of CNX in S, R or T cells, a higher concentration of this substance induced a measurable decrease in the amount of CNX. S, R and T cells did not differ with respect to GAPDH content, but Th induced a reduction in the amount of this protein in all cell sublines. More pronounced results were observed when Th was applied at a concentration of 10 µmol/l comparing with a concentration of 0.1 mmol/l. These changes may be involved together with the Th efflux activity of P-gp in Th-resistance associated with the P-gp-mediated multidrug resistance of R and T cells.
Introduction
Multidrug resistance (MDR) of neoplastic tissue represents a real obstacle in effective chemotherapy-based treatment of cancer (Broxterman et al. 2009; Baguley 2010) . Overexpression of the plasma membrane drug efflux pump P-glycoprotein (P-gp), the ABCB1 member of the ABC transporter family, is the most commonly observed cause of decreased cell sensitivities to multiple groups of drugs with different structures and mechanisms of cytotoxicity (Hall et al. 2009 ). Exposure of cells to the selection pressure of cytotoxic drugs leads to the development of drug resistance . Under these conditions, several changes in cell structure and metabolism can be observed. Alterations in the intracellular calcium homeostasis associated with P-gp overexpression were recently described (Mestdagh et al. 1994; Sulova et al. 2005 Sulova et al. , 2009 Liu et al. 2010) . These alterations could be related to cellular resistance to thapsigargin (Th), an inhibitor of the sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA) that has been observed in P-gp-overexpressing cells (Gutheil et al. 1994; Wagner-Souza et al. 2003; O'Neill et al. 2006; Seres et al. 2008) . While Th has been demonstrated to be a P-gp substrate (Gutheil et al. 1994; Rishi et al. 1998) , several authors have shown that some factor other than P-gpmediated Th efflux is involved in reducing the Th sensitivity of P-gp-positive cells (Rumjanek et al. 2001; Wagner-Souza et al. 2003; Seres et al. 2008 ). Clarke (1994, 1995) described the role of the calcium-dependent endoplasmic reticulum chaperone calnexin (CNX), a lectin, in the quality control of newly synthesised P-gp. In mouse leukaemia L1210/VCR cells selected for P-gp-mediated MDR by vincristine (VCR) (Polekova et al. 1992 ), a lower level of CNX was observed compared to parental P-gp-negative L1210 cells (Seres et al. 2008 ). However, a measurable amount of CNX-P-gp complex was found in L1210/VCR cells by immunoprecipitation with an antibody against CNX, thus verifying the role of CNX in P-gp processing in this cell type. In the present study, we measured the effects of Th on P-gp and CNX protein and mRNA levels in L1210 cells, L1210/VCR cells and L1210/T cells (in which overexpression of P-gp was induced by stable transfection with the gene encoding human P-gp) (Sulova et al. 2010) . For measurements, two Th concentrations inducing low (0.1 µmol/l) and high (10 µmol/l) levels of cell death were chosen for all three sublines of L1210 cells.
Materials and Methods

Cells and cultivation conditions
P-gp-overexpressing cells were obtained from mouse leukaemia L1210 cells (S) by stepwise adaptation to vincristine (R) (Polekova et al. 1992) or by stable transfection with the Addgene plasmid 10957 (pHaMDRwt), a retrovirus carrying the full-length P-gp cDNA (Pastan et al. 1988) , to produce T cells, which express a level of P-gp similar to that found in R cells (Sulova et al. 2010) . Cells were cultured for two days in a humidified atmosphere supplemented with 5% CO 2 at 37°C in standard RPMI medium containing glutamine (1 mg/ml), 4% bovine foetal serum and 20 mg/l gentamicin (Invitrogen, USA).
Cells (1 × 10 7 ) were incubated for 8 hours in 5 ml of cultivation medium containing 0, 0.1 or 10 µmol/l Th under the same conditions as described for cell cultivation. After incubation, cells were spun down and used for further measurements.
Measurement of thapsigargin cell death effect
After incubation with Th, the cell suspensions were adjusted to 1 × 10 6 cells per ml PBS containing propidium iodide (final concentration 0.6 µg/ml) and were analysed by flow cytometry using a Coulter Altra flow cytometer (Beckman Coulter, USA).
Detection of mRNA encoding P-gp and CNX
Total cellular mRNA was extracted from S, R and T cells using the RNA-solvent reagent concentrate R6830-02IN (Omega Bio-Tek, USA). mRNA was reverse-transcribed to cDNA using a First Strand cDNA Synthesis Kit (Novagen, USA). mRNA extraction and cDNA synthesis were carried out according to the protocols recommended by Novagen. PCR reactions included Nova Taq PCR Master Mix (Novagen USA). The following PCR primers were used: 5'-CCC ATC ATT GCA ATA GCA GG-3' and 5'-GTT CAA ACT TCT GCT CCT GA-3' for P-gp, which yielded a 167-bp product; 5'-AGT GGG AAG TAG ATG AGA TGA AGG-3' and 5'-ATA CAC CTG TCT TGG GAT TTT TGT-3' which yielded a 333-bp product; and 5'-TAT GTC GTG GAG TCT ACT GGT GTC-3' and 5'-GTC ATC ATA CTT GGC AGG TTT CTC-3' for GAPDH, which yielded a 492-bp product. PCR reactions were carried out using 30 cycles of 1 min denaturation at 94°C, 1 min annealing at 57°C (for GAPDH) or at 55°C (for P-gp) and 2 min extension at 72°C, according to the protocol recommended by Novagen. The PCR products were separated on a 1.7% agarose gel (Invitrogen) and visualised with ethidium bromide on a Typhoon 9210 (GE Healthcare, USA, formerly Amersham Biosciences).
Detection of P-gp by Western blot
Whole cell lysates were prepared by homogenisation in RIPA buffer (Pierce Biotechnology, USA). Protein concentrations were determined using the Lowry assay. Proteins in the samples were separated by SDS-PAGE on polyacrylamide gradient gels (8-16%). The proteins were then transferred by electroblotting onto nitrocellulose (GE Healthcare, USA, formerly Amersham Biosciences). GAP-DH was detected using an anti-GAPDH antibody (Santa Cruz Biotechnology, USA), P-gp was detected using the C219 anti-P-gp monoclonal antibody (Calbiochem, USA), and CNX was detected using a rabbit polyclonal anti-CNX antibody (Calbiochem, USA). Secondary anti-mouse and anti-rabbit antibodies, both conjugated with horseradish peroxidase (Calbiochem, USA), were used for detection with the aid of the ECL detection system (GE Healthcare, USA, formerly Amersham Biosciences) and a Kodak Image Station 440 CF (USA).
Statistical analysis
Data were expressed as the mean ± S.E.M. Statistical significance was assessed using an unpaired Student's t-test using SigmaPlot Graphing Software (version 2.01).
Results
After 8-hour incubation with Th at a concentration 0.1 µmol/l, limited death of S, R and T cells occurred; less than 15% of cells were stainable by propidium iodide (Fig. 1) . A higher Th concentration (10 µmol/l) induced massive cell damage, resulting in propidium iodide staining of more than 75% of cells. S cells were more sensitive to Th than R and T cells at both Th concentrations, consistent with the Th resistance associated with overexpression of P-gp in MDR cells (Wagner-Souza et al. 2003; Seres et al. 2008) .
In contrast to S cells, which did not contain any P-gp mRNA according to RT-PCR, P-gp mRNA was detectable in both R and T cells (Fig. 2 ). Th at a concentration 0.1 µmol/l did not induce alterations in the levels of P-gp, CNX or GAPDH mRNAs. However, when Th was used at a concentration of 10 µmol/l, a decrease in the amounts of CNX, GAPDH (in S, R and T cells) and P-gp (in R and T cells) mRNAs was observed (Fig. 2) . Effect of Th on the levels of P-gp and CNX mRNAs in S, R and T cells as measured by RT-PCR (see Material and Methods). GAPDH was used as internal standard. The index t indicates cells incubated for 8 hours with Th in cultivation medium. Data represent typical records chosen from three independent experiments that gave similar results (upper panels). All three records were quantified (lower panels) and data were statistically evaluated by unpaired Student's t-test. * value in the presence of Th significantly differs from value obtained in the absence of Th on significance level p < 0.02.
As expected from the mRNA results, S cells did not contain P-gp protein according to Western blot (Fig. 3) . Th at a concentration of 0.1 µmol/l induced a reduction in the amount of P-gp protein present, particularly for isoforms with higher molecular weights in R and T cells (Fig. 3) . Similar, though more pronounced results were observed when Th was used at a concentration of 10 µmol/l. R and T cells contained lower levels of CNX than S cells did, which is consistent with the downregulation of CNX in R cells described previously (Seres et al. 2008) . While Th at the lower concentration did not alter the levels of CNX in S, R or T cells, the higher Th concentration induced a reduction in the amount of this protein (Fig. 3) . S, R and T cells did not differ with respect to the content of GAPDH. However, Th induced a reduction in the amount of this protein present in all cell sublines, an effect that was more pronounced when Th was used at a higher concentration (Fig. 3) . Signals of GAPDH were practically diminished in S, R and T cells when 10 µmol/l was applied that indicated on massive cell damage effect that was proved also by propidium iodide staining on Fig. 1 .
Discussion
Both P-gp-expressing cell sublines, R and T, were less sensitive to Th than P-gp-negative S cells (Fig. 1) . This is in agreement with the previously described Th resistance associated with P-gp-mediated MDR (Wagner-Souza et al. 2003; Seres et al. 2008) . Th is known to induce intracellular Ca 2+ -mobilisation associated with the depletion of calcium stores in the endoplasmic reticulum due to inhibition of SERCA (Shoback et al. 1995) . However, in P-gp-positive cells, the calcium mobilisation effect of Th was found to absent (Wagner-Souza et al. 2003 ) -it may be caused, at least partially, by the known Th efflux activity of P-gp (Gutheil et al. 1994; Rishi et al. 1998) . Nevertheless, the calcium mobilisation effect of Th could not be induced in P-gp-positive cells even when known P-gp inhibitors such as verapamil and cyclosporine A were applied for specific inhibition of P-gp's drug efflux activity (Wagner-Souza et al. 2003) . Consistent with this result, we observed only partial restoration of Th sensitivity in R cells in which P-gp was fully inhibited by verapamil (Seres et al. 2008) . Therefore, the Th resistance of P-gp-positive cells could not be fully explained by the Th efflux activity of this transporter.
Th is able to induce decreases in the levels of mRNAs encoding CNX and GAPDH (in S, R and T cells) and P-gp (in R and T cells) only when present at a large concentration, i.e., 10 µmol/l (Fig. 2) . However, Th at a concentration two orders of magnitude lower was able to downregulate the amount of P-gp, particularly its high molecular weight (about 170 kDa) fully glycosylated mature isoform. Thus, in our experiments, Th induced defective P-gp processing that resulted in an abundance of immature core-glycosylated P-gp with a molecular weight of about 150 kDa (Loo et al. 2004) ; this isoform had severely reduced or no efflux activity due to inaccurate integration in the plasma membrane. Application of Th at a higher concentration induced more intense effects on P-gp (Fig. 3) .
Lower levels of CNX were found in both P-gp expressing cell sublines (R and T) compared to S cells (Fig. 3) . This indicates that the presence of P-gp is directly associated with CNX content regulation independently of how it is expressed. It should be stressed that the downregulation of CNX in R and T cells occurred as a result of differences in translation or posttranslational processing because no differences in the amounts of mRNA encoding CNX were found for R, T and S cells (Fig. 2) . Decreases in CNX in S, R and T cells could be induced only by application of a high concentration of Th (10 µmol/l).
No significant alterations in the content of GAPDH in S, R and T cells were observed. However, application of Th at both applied concentrations induced the downregulation of GAPDH protein levels in all three cell sublines. This result suggests that GAPDH cannot reliably be used as the internal standard for Western blots when the effects of Th are studied.
The Th resistance of P-gp-positive cells represents a complex phenomenon that may involve processes other than the Th efflux activity of P-gp. Th resistance could be linked with several changes in cell phenotype associated with P-gp overexpression, such as differences in calcium homeostasis, which are described elsewhere Seres et al. 2008 ). The differences in the CNX levels together with the Th-induced alterations of P-gp glycosylation and P-gp protein levels could be involved in the lower Th sensitivity of R and T cells compared with S cells. Another mechanism could be deduced from the fact that overexpression of P-gp was found to be associated with a lower incidence of apoptosis induced by cisplatin, an anticancer drug that cannot be transported by P-gp . Th has been shown to induce differences in the expression of cell death regulators in DU145 prostatic cancer cells transfected with Bcl-2 (Chaudhary et al. 2001) . Thus, the differences in apoptosis regulators associated with the P-gp-mediated MDR phenotype could also be involved in the Th resistance of R and T cells.
In conclusion, it can be assumed that the differences in the CNX levels between P-gp-positive and P-gp-negative cells, the Th-induced alteration of the expression and further processing of proteins such as P-gp and GAPDH and the Th efflux activity of P-gp may be involved in the lack of Th sensitivity in P-gp-overexpressing cells.
